If protein synthesis during sleep is required for sleep-dependent memory consolidation, we might expect rates of cerebral protein synthesis (rCPS) to increase during sleep in the local brain circuits that support performance on a particular task following training on that task. To measure circuit-specific brain protein synthesis during a daytime nap opportunity, we used the L-[1-(11)C]leucine positron emission tomography (PET) method with simultaneous polysomnography. We trained subjects on the visual texture discrimination task (TDT). This was followed by a nap opportunity during the PET scan, and we retested them later in the day after the scan. The TDT is considered retinotopically specific, so we hypothesized that higher rCPS in primary visual cortex would be observed in the trained hemisphere compared to the untrained hemisphere in subjects who were randomized to a sleep condition. Our results indicate that the changes in rCPS in primary visual cortex depended on whether subjects were in the wakefulness or sleep condition but were independent of the side of the visual field trained. That is, only in the subjects randomized to sleep, rCPS in the right primary visual cortex was higher than the left regardless of side trained. Other brain regions examined were not so affected. In the subjects who slept, performance on the TDT improved similarly regardless of the side trained. Results indicate a regionally selective and sleep-dependent effect that occurs with improved performance on the TDT.
Introduction
It is generally accepted that de novo protein synthesis is required for memory consolidation (reviewed by [1] ). The evidence comes largely from studies in animals in which inhibitors of protein synthesis were administered following training on a task. The timing was such that training was demonstrated to have been successful in the short term, but testing at later times (e.g. 24 hours after training) showed a lack of consolidation. Activation of signaling pathways that regulate protein synthesis during memory consolidation also provides an indirect indicator of translation activity [2] . The transcription and translation of immediate early genes such as Arc are increased following training, changes that may herald further effects on translation machinery [3] . The question of whether protein synthesis-dependent memory consolidation is general or selective for a few specific protein targets remains. There are reports in the literature [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] that incorporation of labeled amino acids into protein in brain increases following training, but the basic finding has not been universally replicated [10, 17, 18] . Moreover, this body of research has several limitations and unknowns. The incorporation of labeled amino acids into protein is influenced by the kinetics of entry and clearance of the labeled amino acids from the brain, endogenous levels of unlabeled amino acids, and rates of recycling of unlabeled amino acids derived from tissue protein breakdown into the precursor pool for protein synthesis [19] . The advent of the quantitative autoradiographic L- [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] C] leucine method has made it possible to avoid potential sources of error and measure actual rates of protein synthesis [19] . In the present study, we measured rates of protein synthesis by means of the L- [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] C]leucine positron emission tomography (PET) method [20] , a method adapted from the autoradiographic method and validated in studies of monkeys [21] .
Mounting evidence indicates that memory consolidation is enhanced by intervening sleep [22] . That is, sleep after training enhances performance on retesting at some later time. The use of protein synthesis inhibitors has also provided extensive indirect evidence for the importance of translation in this context [23] [24] [25] [26] [27] . In the present study, we ask if protein synthesis during sleep is one of the essential cellular processes occurring during memory consolidation. If protein synthesis during sleep is required for sleep-dependent memory consolidation, then according to the theory of local sleep [28] , protein synthesis should be higher during sleep in the circuits that support performance on a particular task.
In the current study, we measured regional rates of brain protein synthesis and simultaneous polysomnography during a daytime nap opportunity in subjects following training on the texture discrimination task (TDT). The TDT is retinotopically specific. That is, learning the task is thought to depend on changes in primary visual cortex because performance gains based on training in one side of the visual field do not transfer to the other [29] . Changes in the brain that occur during consolidation are, therefore, considered to be restricted to the trained hemisphere of the primary visual cortex. Learning on this task is sleep-dependent (e.g. [30] ) and consolidation can occur even during daytime naps [31, 32] . The task triggers higher functional magnetic resonance imaging activity during sleep in the trained hemisphere of the primary visual cortex compared to the untrained hemisphere [33] . The retinotopic specificity of this task allows the local state to vary and, concordantly, the use of the untrained hemisphere as a within-subject control. We hypothesized that higher rates of cerebral protein synthesis (rCPS) would be observed in the trained primary visual cortex compared to the untrained in subjects who were randomized to a sleep condition, whereas this effect would not be observed in subjects who were randomized to a wakefulness condition.
Methods

Subjects
All procedures were approved by the National Institutes of Health Combined Neurosciences Institutional Review Board, the Walter Reed Army Institute of Research Institutional Review Board, the National Institutes of Health Radioactive Drug Research Committee, and the National Institutes of Health Radiation Safety Committee. The subjects were typically undergraduate students at local universities or post-baccalaureate fellows at the National Institutes of Health. All subjects gave written informed consent. The subjects were monetarily compensated for research-related discomforts and inconveniences.
Subjects were required to be 18-28 years of age with normal or corrected-to-normal vision, as self-reported. They were screened for a clinical history of sleep disorders and for their likelihood of falling asleep during simultaneous polysomnography-PET. Subjects with difficulty sleeping supine or outside their home environment were excluded. A clinical team collected a comprehensive medical history and performed a physical examination with associated laboratory tests. Subjects were excluded if they had a significant medical condition (e.g. anemia), a contraindication for sleep deprivation (e.g. seizure disorder), a contraindication for PET (e.g. pregnancy), or a contraindication for magnetic resonance imaging (e.g. ferromagnetic implants) or if they had a family history of a monogenetic neurological disorder. A psychiatric screening was performed using an abbreviated version of the Structured Clinical Interview for DSM-IV-TR [34] . Subjects were excluded if they had a past diagnosis or current presentation of an Axis I disorder. They were tested for abuse of drugs by analysis of a urine sample and excluded accordingly.
A total of 61 studies were scheduled. Twelve were canceled due to radiochemical synthesis failure. Four were canceled because the subject withdrew from the study without giving advanced notice. Two were canceled because a new exclusion criterion presented itself immediately before the study. One was canceled because the arterial catheter could not be inserted. One was canceled because the subject became anxious during the scan. One was canceled because the subject was not able to perform above chance levels on the morning administration of the task, an occurrence that is not uncommon [35] . Of the remaining 40 technically successful studies, 18 were from subjects in the wakefulness condition and 22 were from subjects in the sleep condition. Four subjects were excluded from the sleep condition because they did not sleep during the scan. This was expected. One subject was excluded from the wakefulness condition due to an abnormally high arterial plasma leucine concentration, which was 275 nmol/ml (z = 2.96). For the PET data, the final sample size was 17 subjects in the wakefulness condition and 18 subjects in the sleep condition. One additional subject was excluded from the sleep condition for analyses involving the task. When compared to other subjects in the sleep condition, this subject had an abnormally high task improvement, which was 169 ms (z = 3.09).
Procedure
For 2 weeks immediately prior to the laboratory phase, subjects underwent a home-monitoring phase that was designed to eliminate any preexisting sleep debt that might have accumulated from voluntary sleep deprivation. In an actigraphy study of 73 healthy 18-32-year-olds, habitual nocturnal sleep duration was only 7.0 ± 0.2 hours [36] . The daily average of time spent napping was negligible (17.3 minutes), so considering total sleep per 24 hours would not change the interpretation. Subjects in this age group also exhibit much inter-individual variability at any particular point in time depending on their social and occupational demands immediately before reporting for the study. College students report undergoing 24 hours of acute, total sleep deprivation 1-3 times per semester [37] . This suggests that experimental subjects report for laboratory sleep studies carrying potentially large amounts of sleep debt. Strong evidence in support of this idea is as follows. When comparing a condition of prior sleep extension to a condition of prior habitual sleep, a subsequent experimentally induced period of sleep restriction affected the habitual sleep group to a significantly greater extent [38] . Therefore, to maximize experimental control in the current study and ensure levels of sleep deprivation were equalized across subjects, they were required to obtain a continuous period of 10 hours time in bed at approximately the same time every night, and they were not allowed to nap. Adherence to this regimen was verified with wrist actigraphy (Mini Motionlogger, Ambulatory Monitoring, Ardsley, New York) and with a voicemail log of in-to-bed and out-of-bed times. During the first 11 days, subjects were required to consume no more than one caffeinated beverage per day, to consume no more than one alcoholic beverage per day, and to discontinue their use of over-the-counter medications. During the last 3 days, they were required to abstain from all caffeine, stimulants, sleeping aids, tobacco, and alcohol.
On day 1 of the laboratory phase, subjects were admitted to an inpatient unit at the National Institutes of Health Clinical Center. Actigraphy and voicemail log data were reviewed, and subjects who did not follow instructions were withdrawn from the study. Subjects were tested again for abuse of drugs by analysis of a urine sample and excluded accordingly.
On day 2 of the laboratory phase, the TDT was administered at approximately 08:30 (morning administration) and again at approximately 18:00 (evening administration). Each administration lasted approximately 1.5 hours, so the offline delay between administrations was approximately 8 hours. In between the two administrations, at approximately 12:30, subjects underwent a 90-minute PET scan with simultaneous polysomnography.
Subjects were randomized to a wakefulness or sleep condition. Subjects in the wakefulness condition were kept awake during the scan, and subjects in the sleep condition were asked to try to sleep. Subjects in the sleep condition were required to perform their normal bedtime routine in dim light prior to the scan, and they used eyeshades and earplugs during the scan.
All subjects underwent sleep deprivation upon arrival on day 1. Sleep deprivation was used for subjects in the sleep condition to maximize the probability that they would sleep during the scan. Sleep deprivation was used for subjects in the wakefulness condition to maintain experimental control across conditions. Subjects were kept awake by monitoring them closely and eliciting responses to direct questions. The same approach was used during the scan for subjects in the wakefulness condition, but responses were nonverbal to minimize head movement. No stimulants were provided or allowed.
For subjects in the wakefulness condition, sleep deprivation was performed until after the second administration of the task on day 2 (~36 continuous hours). For subjects in the sleep condition, sleep deprivation was performed until the nap opportunity during the scan on day 2 (~30 continuous hours), and it resumed until after the second administration of the task approximately 6 hours later.
Simultaneous polysomnography-PET
Polysomnography
Electrode placement followed American Academy of Sleep Medicine standards [39] . Eight electroencephalography channels were employed. Data were recorded and analyzed using Easy EEG III hardware and software (Easy EEG III, Cadwell, Kennewick, Washington). Sleep staging was performed manually from C 3 according to American Academy of Sleep Medicine [39] procedures and criteria. A band-pass filter of 0.5-35.0 Hz was used for electroencephalography and electro-oculography channels. A high-pass filter at 10 Hz, a low-pass filter at 70 Hz, and a notch filter at 60 Hz were used for the electromyography channel.
PET
Subjects were food deprived for 8 hours beforehand so that circulating levels of amino acids derived from proteolysis would reach a steady state. L- [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] C]Leucine was prepared from H 11 CN with a modified Strecker-Bucherer reaction as previously described [40] . A venous catheter was inserted into a vein in the antecubital area of one arm for injection of tracer, and an arterial catheter was placed in the radial artery of the nondominant arm for collection of timed arterial blood samples. The scanner table consisted of a medical-grade Tempur-Med mattress. A headband with targets for an optical head-tracking system (Polaris, Northern Digital, Waterloo, Ontario, Canada) was positioned, and subjects were placed in the scanner for a 3-minute transmission scan to determine optimal table positioning within the scanner field of view. This was followed by a 6-minute transmission scan for attenuation correction. A post-emission transmission scan was performed and used as appropriate when subjects exhibited a large movement during the emission scan. Head position information was continuously recorded throughout the scan by the head-tracking system, which has an accuracy of 0.5 to 0.6 mm, for motion correction of the emission data during image reconstruction [41] . Ninety-minute dynamic emission scans were then initiated coincident with the intravenous 2-minute infusion of L- [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] C]leucine as previously described [40] .
Studies were performed on an ECAT High-Resolution Research Tomograph (CPS Innovations, Knoxville, Tennessee). Data were acquired in list mode and reconstructed using the motion-compensated 3D ordinary Poisson ordered subset expectation maximum algorithm [41] . Images were reconstructed as 42 frames of data ( [41] .
Analysis of blood samples
Arterial blood sampling was initiated concurrently with the start of L- [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] C]leucine infusion to determine the time courses of the concentrations of unlabeled and labeled leucine in arterial plasma and total 11 C and 11 CO 2 activities in arterial whole blood. Blood samples were hand drawn continuously (~1 sample/10 s) for the first 4 minutes and at increasing intervals thereafter for a total of ~40 samples per scan. Blood samples were processed as previously described [40] . Activities of 11 C in all samples were decay corrected to injection time.
PET data processing
For each scan, a 3D volume was constructed from the average of the emission data acquired between 30 and 60 minutes. This volume was smoothed and then resliced so that it aligned with the magnetic imaging resonance volume by use of the Flexible Image Registration Toolbox [42] with a 3D rigid body transformation. The resliced average 30 to 60 min PET image was visually reviewed for correct alignment with the magnetic resonance imaging volume by use of Volume Imaging in Neurological Research, CoRegistration, and ROIs Included software (Max Planck Institute for Neurological Research, Cologne, North Rhine-Westphalia, Germany). The transformation parameters were then applied to each frame of the PET volume (without prior smoothing) to effect their alignment with the magnetic resonance imaging volume.
The kinetic model for the behavior of leucine in brain has been described [20, 43] . The parameters of the model were estimated for each voxel in the whole brain volume by means of the Basis Function Method of Tomasi and colleagues [43] with a slightly modified algorithm to avoid negative parameter estimates [44] . Use of voxelwise estimation helps to reduce errors in model parameter estimates due to kinetic heterogeneity in the regions of interest. Images of each parameter were constructed, and regions of interest drawn on magnetic resonance imaging volumes were transferred to parametric images to compute average values for each region of interest. No smoothing was applied when computing average values. For display only, a 2.0-mm full-width-half-maximum smoothing was applied to the parametric images shown in the figures.
Although the nap opportunity was 90 minutes, we analyzed only the first 60 minutes of the PET data. We have since examined the effects of shortened scan durations and found that estimates of rCPS were very stable between 60 and 90 minutes [45] . Inclusion of time points beyond 60 minutes do not change computed values of rCPS.
Texture discrimination task
A Perl implementation of the task was administered by means of a computer with a Windows XP operating system and a cathode ray tube monitor. The subjects had no prior experience with the task. Prior to each administration, subjects were given 30 minutes of instruction and training. The task was administered binocularly in dim light, and the monitor was positioned approximately 55 cm from the subjects' eyes.
To initiate each trial, subjects pressed the space bar when a fixation cross appeared in the center of the screen. Each trial had a blank delay screen (250 ms), a stimulus screen (17 ms), a variable stimulus-to-mask onset asynchrony, a mask (100 ms), and a blank screen ( Figure 1A ). The stimulus screen consisted of three diagonal bars in either the lower right or lower left visual field in either a horizontal or vertical array. The position in the visual field was randomized for each subject, but subjects were tested in the same position for both administrations. The diagonal bars were displayed against a background of horizontal bars with the letter L or T displayed at the fixation point. Subjects were asked to determine both whether the letter was a L or T and whether the array of diagonal bars was horizontally or vertically oriented ( Figure 1B ). Subjects gave their responses at the final blank screen. The diagonal bars were ~2.6 degrees in width and ~4.2 degrees from center.
During each task administration, 1250 trials were presented, and the stimulus-to-mask onset asynchrony was progressively decreased, thereby increasing the difficulty of the task. The administration began with 50 trials at each of the following stimulus-to-mask onset asynchronies: 500, 400, 300, and 200 ms. The administration continued with 150 trials at each of the following stimulus-to-mask onset asynchronies: 180, 160, 140, 120, 100, 80, and 60 ms. The interpolated stimulus-to-mask onset asynchrony at which the percentage of correct responses for the horizontal/vertical response decreased below an 80% threshold was used as the overall performance index for each administration. A technical malfunction occurred in two subjects in the middle of their morning administrations. This resulted in less than 1250 trials for those administrations. The subjects' performance had already decreased below the 80% threshold, so those subjects were retained in the final sample.
Two key methodological aspects of this task ensures the horizontal/vertical stimuli are consistently mapped to the primary visual cortex of the contralateral hemisphere [46] : the response to the L or T presented at the fixation point and brief presentation of the stimulus screen. The latter prevents saccades from the L/T stimuli to the horizontal/vertical stimuli. Only performance on the horizontal/vertical response reflects perceptual learning. Trials in which subjects gave an incorrect L/T response were not included when calculating percentage of correct horizontal/vertical responses for each stimulus-to-mask onset asynchrony. Offline consolidation was defined as a decrease in the threshold stimulus-to-mask onset asynchrony for the horizontal/vertical response in the evening compared to the morning.
A secondary metric that is unrelated to the central purpose of the TDT is the number of errors, which provides a rough measure of vigilance and any effects of sleep deprivation. Errors occur when subjects attempt to enter their responses before the prompt or when they attempt to initiate the subsequent trial before entering both responses for the current trial.
Magnetic resonance imaging
Subjects underwent a noncontrast, T1-weighted, turbo field echo magnetic resonance imaging scan of the brain for drawing regions of interest. Data were collected using an 8-channel head coil on a 3-Telsa scanner (Phillips, Cleveland, Ohio) and using the following parameters: sagittal plane, echo time = 3.7 ms, flip angle = 8°, in-plane field of view = 240 mm, matrix = 256 × 256, slice thickness = 1.0 mm, and 192 slices with a 1.0-mm gap. For all but two of the subjects, images were interpolated to voxel dimensions of 0.94 mm 3 ; in the other two subjects, voxels were 0.98 mm 3 .
Regions of interest were drawn with custom software written in Matlab (Mathworks, Natick, Massachusetts). Drawing was manually performed in native space using neuroanatomical atlases as guides [47, 48] . For the primary visual cortex, drawing was performed in the coronal plane from anterior to posterior. The beginning was located by selecting the slice that was halfway between the end of the corpus callosum and the beginning of the parieto-occipital sulcus. The end was located by selecting the slice where the calcarine sulcus was no longer visible. The calcarine sulcus was located by identifying the sulcus that was posterior to the hippocampus and that was medial to the occipital horn of the lateral ventricle. The lateral geniculate nucleus was drawn in the coronal plane from anterior to posterior as described in another sleep neuroimaging study [49] . Its beginning was confirmed by noting when the putamen began to transform into the discontinuous striatal cell bridges and when the most posterior portion of the insula was still clearly visible. Drawing was performed so that the lateral geniculate nucleus was superior (with a small gap that consisted of the hippocampal sulcus) to the most medial portion of the hippocampus. Its end was confirmed by using the most posterior portion of the putamen and insula as a landmark. The parietal cortex was similarly drawn in the coronal plane. The entire parietal cortex was not delineated; an inferior parietal lobule, which mainly consisted of the supra marginal and angular gyri, was chosen. It was separated from the temporal lobe by the lateral fissure, from the frontal lobe by the central sulcus, and from the superior lobule of the parietal lobe by the intraparietal sulcus. All other regions were drawn in the transverse plane. A conservative mask of voxels within the corona radiata was used for its region of interest. We chose 10 slices bilaterally, and the oval-shaped areas were used. The first slice was located by the disappearance of the putamen. The mask was limited medially by the caudate and thalamus and laterally by the insula. The caudate was defined as the distinctly dark, oval-shaped structure above medial orbital cortex. It was limited laterally by the walls of the first and second ventricles and medially by lumen of the ventricles. The putamen was marked at the level where it first separated from the head of caudate and limited by the insula laterally and internal capsule medially. Thalami were limited medially by the lumen of third ventricle and by the globus palladus laterally. The primary visual cortex was chosen as a region of interest for obvious reasons. The lateral geniculate nucleus was chosen because plasticity is present in this area immediately following novel experiences and because coherent oscillations between it and primary visual cortex during subsequent sleep are causally related to sleep-dependent plasticity in primary visual cortex [50] . The remaining regions were chosen as negative controls. They were representative white matter and cortical and subcortical gray matter regions. They served as negative controls for the analysis in the primary visual cortex as a whole. Replacing the untrained primary visual cortex with another area elsewhere in the untrained hemisphere of the brain may invalidate the comparison due to regional differences in protein synthesis.
Statistics and analyses
The statistical power analysis was based on variation observed in a previous L-[ [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] C]leucine PET study in humans [40] . Comparisons between hemispheres were planned, so estimated statistical power was based on measured left minus right values of rCPS in occipital cortex in 22 PET scans in untrained, awake, healthy subjects. In this study, mean left minus right differences were 2% of the mean of both hemispheres; therefore, for the present study, it was determined that it would be possible to detect a hemispheric difference of 5% (~two times the noise) with 85% power at p = 0.05 with 15 subjects per group.
TDT data were analyzed with a 2 (Subjects/Condition) × 2 (Time) mixed-model two-way analysis of variance. Condition (wakefulness, sleep) was the between-subjects variable and time (morning, evening) was the within-subjects variable. rCPS were analyzed with a 2 (Subjects/Condition) × 2 (Local State) mixed-model twoway analysis of variance. Condition (wakefulness, sleep) was the between-subjects variable and local state (untrained, trained) was the within-subjects variable. A mixed-model three-way analysis of variance was also applied to rCPS data with hemisphere (left, right) as a within-subjects variable and condition (wakefulness, sleep) and visual field trained (left, right) as between-subjects variables. Each region was analyzed separately.
Outliers were analyzed with regression diagnostics [51] . The measure of leverage (extreme values on the predictor variable[s]) was the centered leverage value (h
* ii
). The measure of discrepancy (the distance between predicted and observed values on the criterion variable) was the externally studentized residual value (t i ). The global measure of influence (the effect of deleting a case on r 2 ) was the standardized difference in fit value (DFFITS i ). The specific measure of influence (the effect of deleting a case on individual regression coefficients) was the standardized difference in beta value (DFBETAS ij Supplemental analysis of hemispheric differences in primary visual cortex rCPS in untrained subjects studied awake and asleep
Another study was conducted in parallel to the above study on perceptual memory. It utilized a different cohort of subjects with the same inclusion/exclusion criteria and was designed to answer other questions. It did not involve any perceptual memory training. Subjects were also sleep deprived prior to the wakefulness scan. The results from this entire study will be reported separately. However, an analysis of only the primary visual cortex from a limited number of conditions will be reported in the present context as a negative control. All procedures from this study were identical to the above study with one exception: condition (wakefulness, sleep) was a within-subjects variable. The scan for the wakefulness condition occurred at 09:00 the morning before the 12:30 scan for the sleep condition. Food and sleep deprivation continued between the two scans. The final sample size was 15 subjects. A total of 28 studies were scheduled. Two were canceled due to radiochemical synthesis failure. One Values are means ± SEM for the number of subjects indicated in parentheses.
LGN = lateral geniculate nucleus; PVC = primary visual cortex.
was canceled because the subject did not comply with study instructions during the home-monitoring phase. One subject withdrew before study procedures were complete due to a headache. One subject had incomplete data because the radiochemical dose infiltrated during one of the scans. Two subjects were excluded due to a problematic reconstruction and alignment. Of the remaining 21 technically successful studies, six subjects were excluded because they did not sleep during the sleep scan. This was expected.
Results
Demographic and sleep data
Comparisons between subjects in the wakefulness (n = 17) and sleep conditions (n = 18) in the final sample (Table 1) show that the groups were similar and well balanced. With the exception of handedness, no statistically significant demographic differences were observed. All subjects except four were right-handed, and all four of the left-handed subjects were in the sleep group. All subjects were sleep-deprived to maintain experimental control across conditions, so subjects in the wakefulness condition exhibited some short sleep bouts. This was limited to a mean of 1.5 minutes of stage nonrapid eye movement 1 sleep and nonrapid eye movement 2 sleep. Subjects in the sleep condition exhibited a mean of 41.7 min of slow-wave sleep and 3.2 min of rapid eye movement sleep (Table 2) .
Perceptual memory data
Subjects maintained high scores on the L/T response throughout the morning (86.4% ± 1.33%) and evening (87.6% ± 1.24%) administration. This confirms that subjects maintained central fixation throughout the administration and that the horizontal/ vertical stimuli presented to one visual field were consistently delivered to the contralateral hemisphere. Because all subjects were sleep deprived and because only subjects in the sleep condition were given an opportunity for recovery sleep, increased vigilance in this condition during the evening administration could explain the improvement in performance. To address this possibility, TDT errors were analyzed. Although errors increased at the evening administration in the wakefulness condition and decreased in the sleep condition, the condition × time interaction was not significant (F 1,32 = 3.48, p = 0.07, f 2 = 0.11).
When examining the horizontal/vertical responses, subjects in the sleep condition improved, whereas the performance of subjects in the wakefulness condition tended to worsen (Figure 2 
Protein synthesis data
We report rCPS in the brain as a whole and six brain regions (Table 3) . Parametric images (Figure 3) show that rCPS is higher in cortex compared to surrounding white matter and within the cortex there is considerable heterogeneity. Mean rCPS in awake and asleep subjects were similar in the two groups (Table 3 ), but differences between left and right hemisphere values of rCPS in the two groups can be seen (Table 4 ). It appears that whether subjects were awake or asleep affected what regions had rCPS asymmetries. In both groups rCPS on the right side was higher than left in parietal cortex. In the awake subjects only, rCPS in thalamus also was higher on the right side. In the sleep subjects only, rCPS in primary visual cortex was higher on the right side. We had hypothesized that rCPS would be higher in the trained hemisphere compared to the untrained hemisphere in subjects who were randomized to a sleep condition, and that this effect would not be observed in subjects who were randomized to a wakefulness condition. We had randomized the location of the peripheral field training to either the left or right visual field and we assumed that the effects of training would be evident in the hemisphere contralateral to the training side. We expected that the effect of training on rCPS would occur primarily in primary visual cortex. We analyzed these data by means of mixed-model two-way analysis of variance with local state (trained, untrained) as a within-subjects factor and condition (sleep, wakefulness) as a between-subjects factor. The condition × local state interaction was not statistically significant in any of the six regions examined (Table 5) , and neither the main effect of condition nor the main effect of local state was statistically significant in any of the regions. In particular, we had expected an effect of sleep on training in primary visual cortex, but in this region the mean values of rCPS in the trained and untrained hemispheres were similar regardless of sleep or training (Figure 4) . The significance of the condition × local state interaction in primary visual cortex did not change after excluding the four left-handers (F 1,29 = 0.068, p = 0.80, f 2 = 0.002), when examining males only to the lower half of the visual field, so we also analyzed the cuneate gyrus, the upper half of primary visual cortex, and the significance of the condition × local state interaction did not change (F 1,33 = 0.02, p = 0.88, f 2 = 0.0007). Stimuli were always delivered to the periphery of the visual field, so we also analyzed the most-anterior third of the cuneate gyrus, and the significance of the condition × local state interaction again did not change (F 1,33 = 0.00005, p = 0.99, f 2 = 0.000002).
In the analyses described above, we had assumed that training in the left visual field would affect right primary visual cortex and that training in the right visual field would affect left primary visual cortex and that the effects of training in the two hemispheres would be equivalent. On the surface (Figure 4 ) it appeared that there were no measurable effects. However, we had seen rCPS asymmetries in primary visual cortex in the subjects studied in the sleep condition (Table 4) . We reanalyzed these data (Table 6 ) by means of mixed-model three-way analysis of variance with hemisphere (left, right) as a within-subjects factor and visual field trained (left, right) and condition (sleep, wakefulness) as between-subjects factors. Neither the hemisphere × visual field trained × condition nor the hemisphere × visual field trained interaction was statistically significant in any of the regions, but the hemisphere × condition interaction was statistically significant in primary visual cortex (f 2 = 0.261) indicating that sleep affected the side-to-side difference (Table 7, Figure 5 ). Main effects of hemisphere were statistically significant in thalamus (f 2 = 0.230), and parietal cortex (f 2 = 1.020) indicating that regardless of whether subjects were asleep or awake, rCPS was higher on the right side in these regions. A comprehensive table summarizing rCPS values across all conditions and groups is provided in Table 8 . Improvement in performance on the TDT was similar regardless of the side of the visual field trained (Figure 6 ). Both subsets of subjects in the wakefulness condition worsened, and both subsets of subjects in the sleep condition improved. Consistent with this, the TDT time × visual field trained × condition interaction was not statistically significant ( 
Perceptual memory-protein synthesis correlations
Virtually none of the correlations between protein synthesis rates and improvement on the TDT were statistically significant ( Table 9 ). These correlations were calculated separately for subjects in the wakefulness and sleep conditions. A total of 42 correlations were calculated in this manner: 7 regions (caudate nucleus, putamen, corona radiata, lateral geniculate nucleus, thalamus, parietal cortex, primary visual cortex) × 3 variations (left, right, left minus right) × 2 conditions (wakefulness, sleep). For the wakefulness condition only, significant positive correlations were found between perceptual memory improvement and protein synthesis in left lateral geniculate nucleus and left minus right lateral geniculate nucleus. Correlations calculated for subjects separated by both condition and visual field trained yielded similar results (Table 10) . A total of 84 correlations were calculated in this manner. In the wakefulness-left visual field trained subgroup, a significant positive correlation was found in left minus right lateral geniculate nucleus; in the sleep-right visual field condition, the same correlation was significant but negative. Regression diagnostics revealed that the latter correlation was driven by a single outlier. A significant negative correlation was also found for left minus right caudate nucleus for subjects in the wakefulness condition with stimuli delivered to the right visual field.
Perceptual memory-sleep correlations
None of the correlations between sleep and improvement on the TDT were statistically significant (Table 11 ). These correlations were calculated separately for subjects in the wakefulness and sleep conditions. A total of 10 correlations were calculated in this manner: 5 stages (wakefulness, non-REM sleep stage 1, non-REM sleep stage 2, non-REM sleep stage 3, REM sleep) × 2 conditions (wakefulness, sleep). Correlations calculated for subjects separated by both condition and visual field trained yielded identical results (Table 12 ).
Supplemental analysis of hemispheric differences in primary visual cortex rCPS in untrained subjects studied awake and asleep
Subjects for this analysis were 22.8 ± 0.6 years old; 40% were male; and 87% were right handed. The injected dose was 0.312 ± 0.008 mCi/ kg for the wakefulness scan and 0.311 ± 0.008 mCi/kg for the sleep scan. In the original cohort of subjects, when collapsed across visual Values are the means ± SEM for the number of subjects indicated in parentheses. C = condition; V = visual field trained; H = hemisphere; LGN = lateral geniculate nucleus; PVC = primary visual cortex.
field trained, the simple effect of hemisphere in the primary visual cortex for the wakefulness condition was not significant ( 
Discussion
The results of the present study demonstrate that training on a visual discrimination task is accompanied by side-to-side differences in rCPS in primary visual cortex. These differences were sleep-dependent and independent of the location of the visual stimulus (left or right visual field). The present study is, to our knowledge, the first study of learning and memory in human subjects to apply the L-[1-
11
C]leucine PET method for determination of regional rCPS. Our results support a role for changes in sleep-dependent rates of protein synthesis in the process of memory consolidation.
We measured rCPS with the L-[1-
C]leucine PET method, and we estimated the parameters of the leucine model voxel-wise by means of the basis function method [43] . In awake subjects, rCPS values in whole brain and grey matter regions are within 5% of previously reported values estimated with the same computation method in young adult male subjects [43] . Coefficients of variation are higher in the present study (9-18%) compared with our previous study (5%-11%) likely due to the wider age range (18-28 years compared with 18-24 years), inclusion of both males and females, and sleep-deprivation in the present study. Our results and the consistency of our measurements in different studies are a testament to the reproducibility and the power of the method. Moreover, our results indicate that this methodology is a new tool for the study of learning and memory in human subjects.
We used the TDT as the learning task because it is widely used in studies of sleep-dependent memory [30-33, 35, 53-63] and is known to induce local brain activity during sleep in the trained primary visual cortex hemisphere [33, 63] . This made it an ideal choice in the present study as a method to induce training-dependent changes in the brain during sleep when consolidation would be expected to occur. The sleep-dependent improvements in performance seen in the present study replicate prior studies on the effects of a nap on TDT performance [31, 32] . This, in combination with our design and the replication of prior behavioral results, allowed us to analyze for functionally relevant protein synthesis changes during sleep.
Sleep deprivation was used to maximize the probability that subjects in the sleep condition would indeed sleep during the PET scan. This could have affected protein synthesis, but the observed hemispheric effects were not seen in the untrained subjects who were also sleep deprived. Sleep deprivation may have adversely affected encoding of the TDT because subjects were sleep deprived by the time of training on the task. However, in contrast to declarative memory [64] , one night of prior sleep deprivation does not affect the encoding or consolidation of this nondeclarative task [65] . This finding was demonstrated during a behavior-only pilot study that paralleled the current study with two exceptions. First, subjects slept in a normal laboratory bed rather than in the scanner. Second, in the behavior-only study, all subjects slept during the nap opportunity, but half underwent total sleep deprivation before the first administration of the task and half were given a normal night of sleep. Both groups of subjects successfully encoded the task and exhibited a performance improvement at retest. This finding is not unusual because similar results have been obtained for other nondeclarative memory tasks [66, 67] . Nevertheless, methods should be employed in future sleep neuroimaging studies to maximize the probability of subjects sleeping in the scanner without the use of sleep deprivation. Investigators have already successfully LGN = lateral geniculate nucleus; PVC = primary visual cortex.
*p < 0.05.
utilized such methods (e.g. [68] ), and a formal effort to demonstrate their feasibility is underway [69] . The electroencephalography measurements employed were limited to eight channels, so it is not possible to determine the spatial correlation between electroencephalographic slow waves and rCPS. This study could be replicated with high-density electroencephalography so that those spatial correlations could be determined. Alternatively, simultaneous electroencephalography-functional magnetic resonance imaging-PET could be used. Simultaneous magnetic resonance imaging-PET has become a feasible and advantageous methodology [70] , and replicating the current study with this technique would complement existing data on functional magnetic resonance imaging activity during sleep in the primary visual cortex of the trained hemisphere [33] .
At the outset of this study we proposed a simple hypothesis. We posited that rates of protein synthesis would increase in primary visual cortex in the hemisphere contralateral to the locus of the visual stimulus in the subjects who napped; subjects who remained awake would have no side-to-side differences in rates of protein synthesis in primary visual cortex. We designed the study so that about half of the subjects were trained in the left visual field and half trained in the right visual field. Our view was that rates would increase in primary visual cortex in the "trained hemisphere". Our hypothesis was in accord with the behavioral findings [29] indicating that TDT learning occurs where retinotopic organization and monocularity are retained and where different orientations are processed separately. The functional magnetic resonance imaging (fMRI) findings [33] that activation occurs in the "trained" primary visual cortex during sleep also point to the involvement of this area. These fMRI findings are limited in that other areas (e.g. the lateral geniculate nucleus or other cortical areas) were not examined, and other findings point to the complexity of the neural mechanisms underlying the consolidation of this task. For example, learning may transfer to the untrained eye, and thus consolidation may involve extrastriate regions [35] .
Protein synthesis was higher in right primary visual cortex during sleep independently of visual field trained. The hemisphere main effect was statistically significant for the thalamus, parietal cortex, and primary visual cortex, but only the primary visual cortex exhibited a statistically significant condition × hemisphere two-way interaction. A difference between the hemispheres was only present in the sleep condition, and this was observed only in the primary visual cortex. These data do not support our original hypothesis. Functional activation due to visual stimulation may occur in contralateral primary visual cortex, but the consequences in terms of memory formation and remodeling may have a different location. The task requires selective visual attention, and it is possible that it is this attentional process that is the learned element in the brain rather than the visual image itself. There is support from many types of studies for the right hemisphere's role in attention processing [71] [72] [73] [74] . Interestingly, fMRI data further indicate that activity in occipital cortex is biased to the right during slow-wave sleep [75] . This is consistent with the importance of the right hemisphere in sleep-dependent memory consolidation across memory systems, including priming [76] , motor sequence learning [77] , and semantic memory [78] .
Our data show that subjects trained on the TDT and kept awake did not have a side-to-side difference in rCPS in primary visual cortex, nor did they improve on task performance. Nor did sleep-deprived awake subjects and asleep subjects who had not been trained have a side-to-side difference in rCPS in primary visual cortex. The side-to-side difference in primary visual cortex was associated with training on the TDT coupled with sleep during the PET scan. Moreover, the side-to-side difference was associated with improvement on performance on the TDT.
Given our unexpected result, that rCPS is higher in right primary visual cortex compared with left in the sleeping subjects, we cannot decipher whether this difference is an increase in rCPS on the right and/or a decrease on the left side. In the awake subjects, it appears that rCPS on both sides is lower in subjects with training in the right visual field compared with subjects trained in the left visual field. In other words, without sleep, rCPS appears to depend on the side of the visual field trained, but not in the expected contralateral manner. Perhaps this difference may be responsible for the decrement in performance seen in subjects in the wakefulness condition at retest. The hemisphere × condition × visual field trained was not statistically significant, however. This question requires further studies. Values are the means ± SEM for eight awake and eight asleep subjects trained in the left visual field and nine awake and eight asleep subjects trained in the right visual field. 
Conclusion
The role of mRNA translation in memory consolidation was examined by direct measurement of regional rates of protein synthesis in human subjects. With direct measurements of rCPS, the study of memory could be accomplished without the use of protein synthesis inhibitors or genetic manipulations.
Results indicate a regionally selective and sleep-dependent effect that occurs with improved performance on the TDT. The use of L-[1-11 C]leucine PET enables the measurement of protein synthesis in vivo, in real time, and in human subjects. Given these advantages, this technique and the results obtained could serve as the foundation for additional studies utilizing this technique and may be important for understanding hemispheric specialization during sleep. Our study was designed to (1) measure plasticity in the intact brain, (2) study an adaptive process, (3) use a well-understood cellular process, (4) use a rapidly learned task, and (5) extend the observed relationships to other brain regions and developmental stages. It thus represents an integrative approach [79] to the study of sleep-dependent plasticity. Regression diagnostics are for all correlations in the corresponding column. W = wakefulness; N1 = nonrapid eye movement 1 sleep; N2 = nonrapid eye movement 2 sleep; N3 = nonrapid eye movement 3 sleep (i.e. slow-wave sleep); R = rapid eye movement sleep. 
